BMP signaling is essential for promoting self-renewal of mouse embryonic stem cells and Drosophila germline stem cells and for repressing stem cell proliferation in the mouse intestine and skin. However, it remains unknown whether BMP signaling can promote self-renewal of adult somatic stem cells. In this study, we show that BMP signaling is necessary and sufficient for promoting self-renewal and proliferation of somatic stem cells (SSCs) in the Drosophila ovary. BMP signaling is required in SSCs to directly control their maintenance and division, but is dispensable for proliferation of their differentiated progeny. Furthermore, BMP signaling is required to control SSC selfrenewal, but not survival. Moreover, constitutive BMP signaling prolongs the SSC lifespan. Therefore, our study clearly demonstrates that BMP signaling directly promotes SSC self-renewal and proliferation in the Drosophila ovary. Our work further suggests that BMP signaling could promote self-renewal of adult stem cells in other systems.
The lacZ-positive labeling system is effective for identification of marked cells, but it is not ideal for manipulating gene function, while stable GAL80 protein may not allow rapid visualization of marked cells after one or two divisions due to its persistence. Here, we report a new, to our knowledge, positively marked mosaic lineage (PMML) method to positively mark cells and allow for rapid expression of the UAS-GFP marker and any other UAS construct in the marked cells by using a combination of the GAL4-UAS and FLP-FRT systems. This PMML system uses the heat shock-inducible FLP to reconstitute a functional actin5C-gal4 gene from two complementary inactive alleles, actin5C FRT 52B and FRT 52B gal4 (see the Supplemental Data available with this article online for details on generating these lines). The actin5C-gal4 gene drives GFP expression to mark cells and can also activate or knock down gene function by using UAS constructs in the marked cells ( Figure 1B) .
To test whether PMML is also suitable for marking SSCs and assisting in SSC identification in the Drosophila ovary, we immunostained ovaries with anti-GFP and anti-Fasciclin III (Fas3) antibodies 1 week after clone induction (ACI). Fas3 is expressed in SSCs at low levels and in differentiated follicle cell progenitor cells at higher levels (Zhang and Kalderon, 2001). Since the PMML system works similarly to the one described in Margolis and Spradling (1995) 
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4 /gbb D20 temperature-sensitive dpp and gbb mutant females were generated at the permissive temperature (18°C) and were then shifted to the restrictive temperature (29°C) for 10-12 days. Our previous studies have shown that mutations in dpp and gbb cause premature GSC loss (Song et al., 2004 ; Xie and Spradling, 1998). After the dpp or gbb mutant germaria lost all of their germ cells, including GSCs, the putative SSCs in contact with cap cells were examined for Dad-lacZ expression. In the dpp mutant agametic germaria, Dad-lacZ expression was dramatically reduced in all of the putative SSCs ( Figure 3B ; n = 30). Similarly, no obvious DadlacZ expression in the putative SSCs was detected in the gbb mutant agametic germaria (Figures 3C and 3D ; n = 32). One of the caveats in these experiments is that no Dad-lacZ expression could be due to complete loss of SSCs in the dpp or gbb mutant germaria. In any case, our results suggest that gbb and dpp could be involved in either mediating BMP signaling in SSCs or maintaining SSCs in the agametic ovary.
After SSCs are relocated to the GSC niche, they continue to proliferate and form a bag of follicle cells (Kai and Spradling, 2003) . The size of an agametic germarium reflects the proliferation of its SSCs and their progeny. To effectively compare the sizes of agametic germaria between wild-type and dpp or gbb mutants, we synchronized GSC loss by inducing GSC differentiation by using the hs-bam transgene. The wild-type and the dpp hr56 /dpp e90 , dpp hr56 /dpp hr4 , gbb 4 /gbb
D4
, and gbb 4 / gbb D20 mutant late third-instar larvae carrying the hsbam transgene received four 2 hr heat shock treatments, and the emerged adult wild-type, mutant dpp, or mutant gbb females were cultured at a restrictive temperature (29°C) for an additional 10 days, since dpp and gbb mutants are temperature sensitive. In the control ovaries, the majority of germaria contained many follicle cells (Figures 3E and 3E# ; n = 130). Since a stronger allelic combination, dpp hr56 /dpp hr4 , failed to reach adulthood after heat shock treatments, we only examined a weaker heteroallelic combination, dpp hr56 / dpp e90 . These dpp mutant agametic germaria contained slightly less follicle cells than the control agametic germaria (Figures 3F and 3F# ; n = 156). It has been reported that dpp hr56 /dpp hr4 agametic ovaries do not show dramatic SSC proliferation defects after they are shifted to a restrictive temperature (Kai and Spradling, 2003), which is similar to our results with the dpp allelic combination. In both gbb mutant combinations, follicle cell proliferation and/or survival were greatly reduced ( Figures 3G and 3G# Figure 3G# ). In gbb 4 /gbb D20 mutant agametic ovaries, all of the germaria contained no follicle cells but contained terminal filament cells (data not shown). Since gbb mutant germaria contain a few or no follicle cells, SSC self-renewal and/or proliferation must be compromised in gbb mutants. These results indicate that gbb is required for maintaining SSCs in the ectopic GSC niche. However, we could not rule out the possibility that dpp is also required for maintaining SSCs in the ectopic niche since we are not able to test strong dpp alleles.
The SSCs that Are Defective in BMP Signal Transduction Have a Shorter Lifespan in the Adult Ovary
The experiments described above demonstrate that BMP signaling mediated by gbb and perhaps dpp is required for promoting proliferation of SSCs and/or follicle cells in the ectopic niche. We then sought to investigate whether BMP signaling functions to control SSC maintenance and proliferation in their native niche. To disrupt BMP signaling in SSCs, we generated marked SSCs mutant for BMP receptors (punt, tkv, and sax) and intracellular signaling transducers (mad and Med) by using the FLP-mediated FRT mitotic recombination technique (Golic and Lindquist, 1989; Xu and Rubin, 1993). Marked wild-type and mutant SSC clones were generated by subjecting females of the appropriate genotype to heat shock treatments and identified by loss of arm-lacZ expression, and the percentages of germaria carrying one or more marked SSC clones mutant for a given gene were determined 1, 2, and 3 weeks ACI. The marked SSCs were identified according to the published criteria that they reside in the middle of the germarium and generate marked differentiated follicle cells in regions 2b and 3 of the germarium Med encodes a co-SMAD, SMAD4, which is known to be involved in all TGF-β-like signaling pathways in mammals. This observation suggests that a TGF-β-like signal other than BMP is also involved in regulating SSC maintenance.
BMP Signaling-Defective SSCs Are Likely Lost Due to Differentiation, but Not Apoptosis
The observation that SSCs that are defective in BMP signaling are lost much faster than wild-type ones prompted us to investigate whether the premature SSC loss is due to differentiation or apoptosis. p35, a baculovirus antiapoptotic gene, has been shown to suppress spontaneous or environmental insults-induced apoptosis in Drosophila when it is overexpressed (Hay 135 SSCs that expressed p35 were maintained 3 weeks ACI, which is comparable with that of the marked punt SSCs alone, suggesting that p35 expression appears to have no dramatic effect on loss of punt mutant SSCs (Figures 4K and 4L) . Together, these results suggest that SSC loss caused by defective BMP signaling is not likely due to apoptosis, but rather due to differentiation. On the other hand, p35 overexpression appeared to partially mitigate the Med mutant SSC loss. Almost 94% of the GFP-marked Med 26 SSCs were lost 3 weeks ACI (Group B of Table 1 ). p35 expression reduced the SSC loss from 94% to 77%, which is very close to the loss rates for mutant mad 12 and tkv 8 SSCs. Along with the result that p35 cannot alleviate SSC loss caused by the punt mutation, this result suggests that Med is involved in regulating SSC survival, likely not through modulating BMP signaling. This result further suggests that a TGF-β-like signal other than BMP is involved in controlling SSC survival.
Hyperactive BMP Signaling Prolongs SSC Lifespan
So far, we have shown that BMP signaling is required for controlling SSC self-renewal. Our previous report that Dpp signaling is not only necessary, but also sufficient, to control GSC self-renewal in the Drosophila ovary prompted us to investigate whether BMP signalovariole tip carrying a 1-week-old full SSC clone that also overexpresses tkv*. All of the SSCs in the germarium are marked by GFP, which is probably due to the replacement of lost unmarked SSC(s) by GFP-marked follicle progenitor cells. All of the images are shown at the same scale, and the bar in (A) represents 10 m. Figure 4M ) decreased with time, while the number of germaria carrying only marked SSCs (full SSC clones, like ones in Figure 4N ; the marked SSCs replaced the lost unmarked SSCs) increased with time. If the marked tkv*-expressing SSC progeny can maintain their stem cell property longer, interact better with niches, or are abundant in number, they might be preferentially recruited to empty niche spaces left by lost SSCs. One week ACI, 0.9% (n = 329) and 0.5% (n = 420) of the germaria carried wild-type or tkv*-expressing full clones, respectively, while 3.5% (n = 488) and 8.9% (n = 326) of the germaria carried wild-type and tkv*-expressing full clones, respectively, 3 weeks ACI. These findings suggest that the tkv*-expressing SSC progeny are likely to be recruited to the empty niches and become SSCs. All of the results from the tkv* overexpression experiments support the model that BMP signaling promotes SSC self-renewal and proliferation, which is consistent with the results from our mutant clonal analyses.
BMP Signaling Is Required for SSC Division, but Not for Follicle Cell Proliferation, in the Drosophila Ovary
As one SSC daughter moves posteriorly to continue its proliferation and differentiation, all of its progeny will stay together as a patch on the surface of the egg chambers. The number of marked mutant follicle patches on egg chambers in comparison with that of marked wild-type control patches can be used to estimate the effect of a particular mutation on SSC division, while the size of marked mutant follicle cell patches in comparison with that of the marked wild-type controls can be used to delineate the effect of a particular mutation on follicle cell proliferation. To facilitate our data collection and analysis, we only counted the marked follicle cell patches on the first five egg chambers of the ovarioles. A marked wild-type SSC produced 3.7 ± 0.95 patches (n = 30), while punt 135 , tkv 8 , mad 12 , and Med 26 mutant SSCs generated 3.2 ± 1.20 (n = 32; p < 0.045), 3.1 ± 0.83 (n = 30; p < 0.034), 2.9 ± 1.35 (n = 36; p < 0.0025), and 2.1 ± 1.22 (n = 37; p < 0.0001) patches, respectively, indicating that SSCs defective in BMP signaling divide significantly slower than wild-type ones. Notably, a SSC mutant for Med produced significantly fewer patches than the punt, tkv, and mad mutant SSCs. Along with the fact that mad 12 , tkv 8 , and Med 26 carry strong or null mutations, this result suggests that Med might be involved in another BMP-independent pathway to regulate SSC division.
To further determine whether BMP signaling controls follicle cell proliferation, we used FLP-mediated FRT recombination to generate twin-spot clones in which the wild-type one is marked by two copies of the arm-lacZ construct and the mutant one is marked by loss of armlacZ expression. The cells carrying two copies of construct can be easily distinguished from the cells carrying one copy (Figures 5A-5C were lost quickly in comparison with marked wild-type SSCs ( Table 2 ). The marked smo 3 and smo D16 mutant SSC clones that expressed tkv* showed no dramatic improvement in SSC maintenance in comparison with the marked smo mutant SSC clones that did not express tkv*, indicating that hyperactive BMP signaling cannot bypass the requirement of Hh signaling in maintaining SSCs (Table 2) . Interestingly, the marked dsh 3 mutant SSC clones that expressed tkv* showed dramatic improvement in SSC maintenance in comparison with the marked dsh mutant SSC clones that did not express tkv*, indicating that hyperactive BMP signaling can, at least partially, substitute for Wg signaling in SSC regulation. Taken together, our results suggest that the BMP pathway works as one of downstream braches of or in parallel with the Wg pathway in the control of SSC self-renewal.
Discussion
In this study, we show that SSCs in the adult Drosophila ovary are capable of responding to BMP signaling. Our genetic mosaic analyses demonstrate that known BMP downstream components are also required for SSC self-renewal, but not survival. Hyperactive BMP signaling enhances SSC self-renewal capacity. Gbb is essential for controlling SSC maintenance, at least in the GSC niche. This study also shows that tkv is a major type I BMP receptor for controlling SSC self-renewal in the Drosophila ovary. The SSCs mutant for sax 4 , a null allele of sax (Twombly et al., 1996) , behave close to normal wildtype ones, while the SSCs mutant for a strong tkv allele, tkv 8 , are lost rapidly, indicating that Tkv is a major functional receptor to control SSC self-renewal. Given the evidence that gbb signaling is essential for maintaining SSCs, our study strongly supports the idea that Gbb signals mainly through Tkv to control SSC self-renewal in the Drosophila ovary. Our recent study on Drosophila spermatogenesis also suggests that Gbb signaling primarily functions through Tkv, but not Sax (Kawase et  al., 2004) . In the Drosophila testis, gbb and tkv are both essential for maintaining GSCs, but sax is not. Although one study on dominant-negative tkv and sax receptors suggests that dpp and gbb signal preferentially through tkv and sax, respectively (Haerry et al., 1998; Khalsa et al., 1998), a recent study has shown that both dpp and gbb use tkv, but not sax, to control the process of vein promotion during pupal development and disc proliferation and vein specification during larval development (Ray and Wharton, 2001 ). Taken together, the results from this study and the previous studies indicate that Gbb can use Tkv as a major receptor for its signal transduction in Drosophila.
Med Regulates Proliferation and Growth of Follicle Cells, Possibly through Participating in BMPIndependent Pathway(s) in the Drosophila Ovary Although Gbb/BMP signaling plays a critical role in controlling SSC self-renewal and division, it appears that it is dispensable for SSC survival, follicle cell proliferation, and cell size control. For example, p35 expression could not rescue the mutant punt SSC loss; the follicle cell clones mutant for strong tkv and mad alleles, tkv 8 and mad 12 , proliferate normally, and the sizes of the mutant follicle cells are quite normal. In contrast, p35 expression can rescue the Med 26 SSC loss to the levels of the mutant punt, tkv, and mad mutant SSC loss. The partial rescue indicates that Med is required for SSC survival in a BMP-independent pathway. The Med mutant follicle cell clones proliferate slower than wild-type, and the size of follicle cells is also smaller than that of wild-type, suggesting that Med is required for follicle cell proliferation and growth. Since BMP signaling is not involved in the control of SSC survival, follicle cell proliferation, and growth, our findings further suggest that Med must participate in other TGF-β-like pathways controlling these processes. In mammalian systems, SMAD4 has been shown to be a common SMAD for all TGF-β-like signaling pathways, including TGF-β, Activin, and BMP (Shi and Massague, 2003) . A likely candidate TGF-β-like signaling pathway includes Activin and TGF-β. Activin and TGF-β molecules exist in Drosophila (Raftery and Sutherland, 1999). Activinlike signaling has been shown to be involved in regulating growth control and neuronal remodeling (Brummel et al., 1999; Raftery and Sutherland, 1999) . However, the role of TGF-β signaling in Drosophila remains a mystery. We could not completely rule out, however, that Med is involved in other signaling pathways unrelated to TGF-β-like pathways to control SSC survival, follicle cell proliferation, and growth. In the future, it is very important to figure out which pathway Med takes part in for controlling SSC survival, follicle cell proliferation, and growth control. FRT 52B (y) (yellow-FRT-GAL4), and FRT 52B (w) (white-Actin5C-FRT) (see the Supplemental Data for generation of last stocks). The genotypes and detailed heat shock protocols used in this study are provided as Supplemental Data. All Drosophila stocks were maintained at room temperature on standard cornmeal/molasses/ sugar media.
BrdU Labeling
BrdU labeling was performed for 1 hr in Grace's medium as described previously (Lilly and Spradling, 1996).
Immunohistochemistry
The following antisera were used: monoclonal anti-Fasciclin III antibody 7G10 (1:3, DSHB), monoclonal anti-Hts antibody 1B1 (1:3, DSHB), polyclonal anti-β-galactosidase antibody (1:500, Cappel), monoclonal anti-β-galactosidase antibody (1:200, Promega), polyclonal anti-GFP antibody (1:200; Molecular Probes), and Alexa 488-and Alexa 568-conjugated to goat anti-mouse and anti-rabbit IgG (1:300, Molecular Probes). The immunostaining protocol used in this study has been described previously (Song and Xie, 2002) . All micrographs were taken with a Leica TCS SP2 confocal microscope.
Supplemental Data
Supplemental Data including Supplemental Experimental Procedures and information on the generation of PMML stocks are available at http://www.developmentalcell.com/cgi/content/full/9/ 5/651/DC1/.
